ABSTRACT GAUDY, A. F., JR. (Oklahoma State University, Stillwater), F. ABU-NIAAJ, AND E. T. GAUDY. Statistical study of the spot-plate technique for viable-cell counts. Appl. MIicrobiol. 11:305-309. 1963.-A statistical study of the spot-plate technique was made for the purpose of establishing an acceptable counting range. The organism used 'in these studies was Micrococcus lysodeikticus. Standard deviations and coefficients of variation were computed for counts ranging from 20 to 440. The lower and upper limits for acceptable counts, based on coefficients of variation of 10 and 5.8, respectively, were chosen as 100 and 300.
Recent investigations in our laboratory required the -ounting of viable cells in many experimental samples. Previous experience suggested the use of the surface or "spot-plating" technique. This method had been successfully used in studying the succession of predominance in systems containing up to four aerobic bacterial species (Gaudy, 1955) . The method involves application of a 'nown volume of bacterial suspension onto the surface of solidified agar. In the work cited above, the bacterial count was based upon a total sample volume of 0.08 ml applied in four 0.02-ml spots. Four spots can easily be placed on one-half of a standard petri dish. This allows plating of two counting units on one dish. This counting t,echnique has also been successfully used in water pollution control research for estimating the survival of Salmonella typhosa in high-rate anaerobic sludge digestion (McKinney, Langley, and Tomlinson, 1958) . Although the method has many operational advantages, the relatively small volume plated (0.08 ml as compared with 1.0 mnl for pour plates) precludes its use in estimating viable count in samples of very low bacterial density.
A statistical study of the pour-plate and spot-plate techniques, employing the coefficient of variation (c.v.) as the major parameter for comparison, showed both methods to be equally reliable; however, the spot-plate method yielded ,slightly higher counts. Comparison of the counts, using the Student's t test, showed that the difference was significant at the 95 % level, thereby indicating that it was due to inherent differences in the methods (Gaudy, 1955) . ' ince the distinct morphological characteristics of the I Present address: Greeley and Hanson, Consulting Engineers, Chicago, Ill. organisms used in the study provided ample assurance of the absence of contamination, it was reasoned that the method yielding the higher count would be more accurate. The more abundant air supply and absence of temperature shock when making spot plates were considered to be possible causes for the higher viable count. These studies served as a basis for concluding that the spot-plate method yielded equally reliable and slightly more accurate population estimates than the pour-plate method. Although these conclusions were not in total accord with those of PomalesLebron and Fernandez (1952) , who felt that the methods were equivalent, the results of both studies may be taken as recommendations for greater use of the surfaceplating technique.
In a recent study, Stapert, Sokolski, and Northam (1962) examined the effect of temperature upon bacterial counts obtained with pour plates and the membranie filtration technique. They concluded that the consistently higher count, which was obtained when using the filtration technique, was attributable mainly to the fact that the bacterial suspension was not subjected to the temperature of liquid agar. The use of the membrane filter techniqlue for counting requires special equipment which may not be available in all laboratories. The spot-plate method, however, can be used in any laboratory equipped to use the pour-plate method and possesses the same advantages of surface growth and lack of temperature shock.
In the work previously cited (Gaudy, 1955) 
n-i where x is the arithmetic mean of the individual counts (x), and n is the number of plates counted. Direct comparison of the variation in the counts obtained in different counting ranges was then made by dividing each standard deviation by its mean (x) and expressing this ratio as a per cent, i.e., the coefficient oi variation.
The numbers of bacteria in a series of samples taken from a single suspension should approximate a Poissop, distribution if the method used for estimating cell numbers introduced no error other than the random sampling error. The applicability of the Poisson distribution is based on an infinitely large number of possible events and a small (<0.10) value of p which is the probability of success (Croxton, 1959) . These requirements are fulfilled by the4 removal of small samples from a large population of cells, since the total number of bacteria (n) is large and the probability of including any one cell in a sample is equal to the ratio of sample volume to total volume. Additional criteria are based upon the requirement that the bacteria be randomly distributed. This condition is obtained if (i) the cells do not repel onie another or if there is sufficient space between cells so that any repelling effect is negligibles' (ii) the relative volume of cells is small with respect to the volume of liquid, and (iii) there is no clumping of cells (Stearman, 1955) .
The chi-square test was used to determine whether the variation in observed counts was significantly greater than would be predicted on the basis of a Poisson distribu-t ion using equation 3 (Fisher, 1946 (Croxton, 1959) . Croxton (1959) . If the limits of significant deviation are taken as P = 0.05 and P = 0.95 (Fisher, 1946) , then the counts obtained by the spot-plate method may be concluded to be no more variable than expected on the basis of random sampling. However, six sets of parallel plates (A-1, A-6, B-9, C-11, C-17, and D-20) lie very close to the limits of expected variability. A-1 and C-ll were less variable than would be expected in approximately 95 % of cases, and the other four sets of counts were more variable than expected by chance in approximately 95 % of cases.
As a further test of agreement with the expected Poisson distribution of counts, the total X2 for all counts was calculated as shown in Table 2 . From these data, the value of /2X2-/2n -1 was computed as 1.3. As previously stated, a value less than 1.645 indicates that the general level of variability of counts does not exceed that expected at the 95 % confidence level. Therefore, it seemed reasonable to conclude that the spot-plate technique offered a reliable method for making viable-cell counts, and the data obtained was used in selecting upper and lower counting limits.
In Fig. 1 coefficients of variation are plotted against the average colony count for studies A, B, C, and D. The coefficient of variation is quite high for the lower counting ranges but decreases rapidly with increasing count, reaching a fairly constant value in the higher counting ranges. The viable count for each study, calculated from the mean for each counting range, is shown in Table 1 GAUDY, ABU-NIAAJ, AND GAUDY use of a portion of the coefficienit of variation-count curve in which the coefficient of variation was not changing rapidly. The selection of an upper limit cannot be made solely by a consideration of this curve since the coefficient of variation remains constaint as the number of colonies per counting unit increases. However, there is a tendency for the viable count to decrease as the number of colonies per spot increases (Table 1 ). This effect is usually attributed to crowding, and may be brought about by nutritional shortages which prevent all the organisms from developing into visible colon-ies. It may also be due to iinability of the analyst to make an accurate count in the higher ranges. In these studies, difficulty was experienced in counting plates with over 75 colonies per spot.
In an effort to delineate individual capability of counting in the higher ranges, a panel study was made in which four analysts counted the same set of plates covering a range of approximately 200 to 450 colonies per half plate (Table 3) . Analysts were ranked in order of experience in using the spot-plate technique; analyst 1 was the most experienced, and analyst 4 had no previous experience in counting surface plates. All four expressed difficulty in counting, beginning with the third counting range; however, it is seen that the average counts obtained by each inivestigator are in close agreement, regardless of the counting range. Based upon the information gained in this study and the results shown in Fig. 1 , a tentative upper limit was set at 75 colonies per spot, or 300 colonies per counting unit.
It is interesting to note that an upper limit of 300 colo- nies is usually cited for pour plates, although the area used is much greater for this method than for the spot-plate'
technique. Based upon the present study, it seems difficult to envision the upper limit for pour plates as being necessitated by a nutrient deficiency due to the crowding of many organisms in a small area. However, it does seenhighly probable that an analyst would experience more difficulty in counting 300 colonies spaced over the entire plate area and depth, rather than in four surface spots of approximately 1.3 cm diameter.
If the lower limit of 30 colonies per counting unit usually considered acceptable for pour plates were applied to th4
spot-plate data shown in Fig. 1 , it would place the lower limit on a rapidly falling portion of the curve and indicate' a spread in coefficient of variation from 20 to 6 within the accepted counting range. For most work, such a wide variation is undesirable and, to use the flat portion of the curve, a lower limit of 80 to 100 would seem advantageous..,
The per cent precision computed by equation 5, using s computed by equation 1, is shown in Table 1 . The per cent precision for the observed mean counts of studies A, C, and D are plotted in Fig. 2 , which also shows the theoretical curves for per cent precision for various values of ,u at selected values of n computed from equation 6. In general, the per cent precisions computed from the experimental data lie close to the respective theoretical curves, with the exception of those for sets of counts for which the X2 test indicated excessive variability. The theoretical curves are useful as a guide in experimental design or as an interpretive aid in assessing the per cent precision of count data.
For many experimenits in our laboratory, we employ' duplicate plating (n = 2) and accept a lower limit of 100 colonies. On this basis, the per cent precision varies from 14.2 % at the lower counting limit to 8.2 % at the upper limit (300 colonies). The theoretical coefficients of variation for the lower and upper limits are then 10 and 5.8, respectively. Referring to Fig. 1 , it is seen that coefficient' of variation computed from the experimental data does lie close to 10 at the lower limit and 5.8 at the upper counting limit. In using these limits, it is desirable to plate fivefold as well as tenfold dilutions. It is important to note that the organism used in these studies was ideal because it formed small, well-rounded, easily discernible colonies. It might not be possible to use an upper limit of 300 for species with less ideal surface-colony characteristics. For Escherichia coli, which grows fairly rapidly with somewhat spreading colonies, we employ counting limits of 100 to 300 colonies, ,ut use a shorter incubation period than that herein reported.
The results and analysis presented are not intended to set forth unequivocal lower counting limits. These must be set in accordance with the precision required for a particular experiment and the purposes for which the data .are to be used.
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